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1 These two authors contributed equally to this worMesangial cell apoptosis contributes to the pathogenesis of diabetic nephropathy. Here we show
that thioredoxin interacting protein (TXNIP) is involved in high glucose (HG)-induced mouse mes-
angial cell (MMC) apoptosis. HG induced activation of apoptosis signal regulating kinase-1 (ASK1)
in a time-dependent manner in MMCs. Treatment with antioxidant, tempol, or knockdown of TXNIP
in MMCs reduced HG-mediated apoptosis, expression of cleaved caspase-3, Bax/Bcl-2 ratio and acti-
vation of ASK1. These data suggest that knockdown of TXNIP prevented HG-induced cell apoptosis
and activation of ASK1 may be via reduction of oxidative stress in MMCs.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The loss of resident glomerular cells through apoptosis occurs in
experimental diabetic nephropathy (DN), and mesangial cell
apoptosis has been demonstrated to correlate with worsening of
albuminuria [1]. Previous evidence suggests that high glucose
(HG)-induced cellular apoptosis and mesangial depletion was a
major mechanism that leads to renal injury in diabetics [2,3].
Hyperglycemia-induced production of reactive oxygen species
(ROS) plays a crucial role in the development of DN [4]. H2O2 has
been reported to promote human mesangial cell apoptosis [5].
HG-induced mouse mesangial cells (MMCs) apoptosis is markedly
attenuated by the antioxidants NAC, DPI, and ascorbic acid [2].
These ﬁndings strongly suggest that HG induces mesangial cell
apoptosis by an oxidant-dependent mechanism.
Thioredoxin interacting protein (TXNIP) also known as vitamin
D3 up-regulated protein-1 or thioredoxin binding protein-2, is thechemical Societies. Published by E
tein; TRX, thioredoxin; HG,
osis signal-regulating kinase;
.
k.endogenous inhibitor of cellular thioredoxin (TRX), inactivating its
anti-oxidative function by binding to the redox-active cysteine res-
idues [6]. Recent study showed that TXNIP was found to be upreg-
ulated by high glucose (HG) in mesangial cells [7]. Our recent study
showed that the expression of TXNIP mRNA and protein was in-
creased in MMCs under high glucose conditions, and, meanwhile,
knockdown of TXNIP reversed HG-induced reduction of TRX activ-
ity and inhibited HG-induced ROS production and increased syn-
thesis of TGF-b1 and ﬁbronectin [8]. Previous studies have
demonstrated that TXNIP is essential for glucotoxicity-induced
pancreatic beta cell apoptosis, and TXNIP deﬁciency protects
against diabetes by inhibiting beta cell apoptosis and maintaining
pancreatic beta cell mass and function [9,10]. Chen et al. [11] re-
ported that TXNIP was involved in diabetes-associated cardiomyo-
cyte apoptosis. However, the role of TXNIP in HG-induced
apoptosis in MMC is unknown.
Apoptosis signal regulating kinase-1 (ASK1), one of the mito-
gen-activated protein kinase kinase kinases, is markedly activated
by ROS and plays a critical role in a variety of cellular responses in-
duced by ROS, including cell apoptosis, growth, and differentiation
[12]. Saitoh et al. [13] found that TRX bound directly to the N-ter-
minus of ASK1 and inhibited ASK1 kinase activity and ASK1-depen-
dent apoptosis. Previous study has demonstrated that high glucose
induced activation of ASK1 in human umbilical vein endotheliallsevier B.V. All rights reserved.
1790 Y. Shi et al. / FEBS Letters 585 (2011) 1789–1795cells [14]. However, the effect of HG on activation of ASK1 in mes-
angial cell has never documented.
In the present study, we examined the activation of ASK1 in
high glucose-treated MMCs and the effects of knockdown of TXNIP
with small interference RNA on HG-induced apoptosis, expression
of cleaved caspase-3 and Bax/Bcl-2 ratio.2. Materials and methods
2.1. Construction of pBAsi mU6 Neo TXNIP siRNA plasmid
TXNIP siRNA plasmid was constructed based on the U6 siRNA
expression vector, pBAsi mU6 Neo (Takara, Mie, Japan), which in-
cludes a mouse U6 promoter and an amp-resistance gene. The
sense and antisense oligonucleotides were annealed and ligated
into the vector: sense oligo: 50-GATCCGGTGTGTGAAGTTACCCGAGT
AGTGCTCCTGGTTGCTCGGGTAACTTCACACACCTTTTTTA-30, anti-
sense oligo: 50-AGCTTAAAAAAGGTGTGTGAAGTTACCCGAGCAACC
AGGAGCACTACTCGGGTAACTTCACACACCG-30.
2.2. Cell culture and transfection
Mouse mesangial cells (ATCC no. CRL-1927) were obtained from
American Type Culture Collection (Manassas, VA). They wereB
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Fig. 1. Effect of HG on MMC apoptosis. MMCs were incubated with normal glucose (
Apoptosis was detected by TUNEL staining (A and B) and ﬂow cytometry (C). The expressi
and Western blot (n = 6), respectively. The ratio for Bax/Bcl-2 RNA and protein is that
means ± S.E.M. ⁄⁄P < 0.01 vs. NG.cultured in DMEM-F12 medium (3:1) supplemented with 5% fetal
bovine serum, 2 mM L-glutamine, 100 U/ml penicillin, and 100 lg/
ml streptomycin in a 95% air, 5% CO2 atmosphere. Stable transfec-
tions of mouse mesangial cells with pBAsi mU6 Neo TXNIP siRNA
plasmid or pBAsi mU6 Neo plasmid were performed with Lipofect-
amine 2000 (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s instructions. Subsequently, cells were cultured in selection
medium containing 0.3 mg/ml geneticin for 3 weeks before single
clones were isolated. Scrambled pBAsi mU6 Neo plasmid was used
as control. Mouse mesangial cells were grown to 75–85% conﬂu-
ence, washed once with serum-free DMEM-F12 medium, and then
growth-arrested in serum-free DMEM-F12 medium for 24 h to
synchronize the cell growth. After this time period, cells were stim-
ulated with NG (5.6 mM), HG (30 mM), NG plus mannitol
(24.4 mM) as an osmotic control, HG plus Tempol (100 nM, Sigma,
St. Louis, MO) or HG plus SB203580 (10 lM, Promega, Madison,
WI) stimulation at indicated time points.
2.3. Flow cytometric analysis
Conﬂuent mesangial cell monolayers were trypsinized and cen-
trifuged at 190 g for 10 min. Cell pellets were gently resuspended
in ice-cold 70% ethanol/30% PBS. Fixed cells were centrifuged at
190 g for 5 min, washed once in PBS, and resuspended in 200 ll
of propidium iodide (200 lg/ml) and RNase A (500 lg/ml). Cells0
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Fig. 2. Time course of the effects of HG on activation of ASK1 and expression of
cleaved caspase-3. The expression levels of p-ASK1, ASK1, cleaved caspase-3 and
caspase-3 were analyzed by Western blot in MMCs incubated with HG (30 mM) at
indicated times (0–72 h). Values are expressed as means ± S.E.M. ⁄P < 0.05,
⁄⁄P < 0.01 vs. control (0 h)
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cytometer (BD Immunocytometry Systems, Franklin Lakes, NJ).
2.4. Terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick
end labeling (TUNEL) assay
MMCs were cultured on 8-well Lab-Tek Chamber Slides (Nalge
Nunc, Rochester, NY) under the different experimental conditions
for 48 h. Apoptotic cells were detected using DeadEnd™ Colorimet-
ric TUNEL System (Promega) according to the manufacturer’s
instructions. For quantiﬁcation of positive TUNEL signals, a mini-
mum of 500 cells was counted per well (n = 5), and the percentage
of positively labeled cells was calculated.
2.5. RT-PCR analysis
Total RNA and then cDNA were prepared from cultured cells
using TRIzol reagent (Invitrogen) and RT-PCR kits (Promega). The
primers used were: Bcl-2, forward 50-TCGCTACCGTCGT-
GACTTCGC-30, reverse 50-ACAAAGGCATCCCAGCCTCCGTT-30, giving
279 bp PCR product; Bax, forward 50-GCGGCAGTGATGGACGGGTC-
30, reverse 50-CGCCGGAGACACTCGCTCAG-30, giving 203 bp PCR
product; b-actin, forward 50-GGTACCACCATGTACCCAGG-30, re-
verse 50-GAAAGGGTGTAAAACGCAGC-30, giving 260 bp PCR prod-
uct. The PCR products were subjected to 2% agarose gel
electrophoresis and analyzed with a GDS-8000 Bioimaging system
(UVP, Upland, CA) and LabWorks 4.5 software (UVP). RNA expres-
sion was quantiﬁed by comparison with internal-control b-actin.
2.6. Western blot analysis
Whole cell extracts (40 lg of protein/lane) was loaded, sepa-
rated by SDS–PAGE, transferred to PVDF membranes (Millipore,
Billerica, MA). The membranes were incubated overnight at 4 C
with rabbit anti-VDUP-1 antibody (Zymed, San Francisco, CA),
ASK1, p-ASK1, p38 MAPK, phospho-p38 MAPK, cleaved caspase-3
(Cell Signaling Technology, Beverly, MA), caspase-3, Bax, Bcl-2
and b-actin (Santa Cruz, CA) antibodies. Subsequently, the mem-
branes were incubated with goat anti-rabbit or mouse IgG horse-
radish peroxidase conjugate, and then exposed to X-ray ﬁlm
using enhanced chemiluminescence system. The intensity of the
bands was measured using LabWorks 4.5.
2.7. Intracellular ROS detection
The intracellular formation of ROS was detected using the
ﬂuorescence probe 5- (and 6) chloromethyl-20,70-dichlorodihydro-
ﬂuorescein diacetate (CM-DCHF-DA, Invitrogen). After cultured in
6-well plates under the different experimental conditions for
48 h, the cells were washed, trypsinized, suspended in PBS, loaded
with 10 lM DCHF-DA, and incubated at 37 C for 30 min. The
measurement of intracellular ROS was performed using a ﬂow
cytometer (BD Immunocytometry Systems, Franklin Lakes, NJ).
2.8. TRX activity
After the cells were cultured in 6-well plates under the differ-
ent experimental conditions for 48 h, total cellular protein was
extracted with lysis buffer. 40 ll of reaction mixture (200 ll of
HEPES buffer, 40 ll of EDTA, 40 ll of NADPH, and 500 ll of insu-
lin) was added to cellular protein extracts at 37 C for 15 min
after the addition of 10 ll of bovine TRX reductase (American
Diagnostica Inc., Greenwich, CT). The reaction was then termi-
nated by adding 500 ll of stop mix (6 M guanidine HCl, 1 mM
DTNB in 0.2 M Tris–HCl pH 8.0) and then absorption at 412 nm
was measured.2.9. Statistical analysis
Statistical analysis was performed by one-way ANOVA. The re-
sults were presented as mean ± S.E.M. Statistical signiﬁcance was
deﬁned as P < 0.05.
3. Results
3.1. HG induces MMC apoptosis
To determine the effect of HG on MMC apoptosis, cells were cul-
tured in DMEM-F12 medium containing 5.6 mM and 30 mM glu-
cose for 48 h. In compared with control groups, HG signiﬁcantly
promoted cell apoptosis (Fig. 1A–C). We further examined whether
HG-induced cell apoptosis was linked to expression of Bax and Bcl-
2. As shown in Fig. 1D and E, the mRNA and protein ratio of Bax/
Bcl-2 was increased in high glucose group. In addition, mannitol
had no effect on cell apoptosis and ratio of Bax/Bcl-2.
3.2. Effects of HG on expression of cleaved caspase-3 and activation of
ASK1
As shown in Fig. 2, MMCs incubated with HG showed a time-
dependent activation of ASK1 and expression of cleaved caspase-
3. The levels of phosphorylation of ASK1 protein signiﬁcantly
increased after 12 h of stimulation with HG, and continued to
increase up to 72 h. The expression of cleaved caspase-3 was
detected after 12 h of stimulation with HG, and remained at high
levels until 48 h.
3.3. Knockdown of TXNIP prevents HG-induced MMC apoptosis
MMCs were transfected with pBAsi mU6 Neo TXNIP siRNA plas-
mid or control vector and then assessed for cell apoptosis after HG
stimulation. The expression of TXNIP protein was efﬁciently inhib-
ited by transfectionwith TXNIP siRNA plasmid or tempol treatment
in HG condition (Fig. 3A). The HG-induced suppression of TRX
activity and increased intracellular ROS levels were inhibited by
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Fig. 3. Effect of TXNIP siRNA plasmid transfection on HG-induced ROS production and TRX activity in MMCs. (A) The expression of TXNIP was analyzed by Western blot
(n = 6). (B, C) Intracellular ROS was detected by ﬂow cytometry (n = 6). (D) TRX activity was determined by insulin disulﬁde reduction assay (n = 6). NG: 5.6 mM d-glucose;
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D). The HG-induced apoptosis was markedly attenuated by trans-
fection with TXNIP siRNA plasmid, and treatment of the mesangial
cells with the antioxidant, tempol, also effectively prevented the in-
crease in cell apoptosis during exposure to HG for 48 h (Fig. 4A–C).
The HG-induced increase of the mRNA and protein ratio of Bax/
Bcl-2 was also inhibited by transfection of TXNIP siRNA plasmid
or tempol treatment (Fig. 4D and E).
3.4. TXNIP silencing reverses HG-induced activation of ASK1 and
expression of cleaved caspase-3
To investigate the modulation of activation of ASK1 and expres-
sion of cleaved caspase-3 by TXNIP under HG condition. MMCs
were transfected with pBAsi mU6 Neo TXNIP siRNA plasmid or
control vector. Compared with those of the NG groups, the activa-
tion of ASK1 and expression of cleaved caspase-3 signiﬁcantly in-
creased in HG group; whereas transfection with TXNIP siRNA
plasmid or tempol treatment signiﬁcantly suppressed HG-induced
ASK1 phosphorylation and expression of cleaved caspase-3 (Fig. 5).
3.5. Blockage of p38 MAPK inhibits HG-induced MMC apoptosis
Our previous study has demonstrated that TXNIP silencing
inhibited HG-induced activation of p38 MAPK [8]. To assesswhether p38 MAPK signaling pathway affected HG-induced apop-
tosis, we treated MMCs with a speciﬁc p38 MAPK inhibitor
SB203580. MMCs preincubated with SB203580 (10 lM) for 0.5 h
and then incubated with HG in the presence of SB203580 for
48 h. As shown in Fig. 6A–C, the HG-induced apoptosis was mark-
edly attenuated by SB203580. The HG-induced increase of the
mRNA and protein ratio of Bax/Bcl-2 was inhibited by incubation
of SB203580 (Fig. 6D and E). Meanwhile, SB203580 treatment also
ameliorated HG-induced expression of cleaved caspase-3 in MMCs
(Fig. 6F). Compared with those of the NG groups, the phosphoryla-
tion level of p38 MAPK signiﬁcantly increased in HG group;
whereas treatment with SB203580 signiﬁcantly reduced HG-
induced tyrosine phosphorylation of p38 MAPK (Fig. 6G). Taken
together, these data suggest that p38 MAPK is involved in HG-
induced apoptosis in MMCs.4. Discussion
In the present study, we demonstrate that knockdown of TXNIP
in mouse mesangial cells suppresses high glucose-induced apopto-
sis and activation of ASK1.
HG tends to increase the generation of ROS, which correlates
with ATP production and apoptosis in mesangial cells [2,5]. TRX
is an important antioxidant system and TRX–TXNIP interaction is
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overexpression of TXNIP was major contributor to hyperglycemia-
induced oxidative stress in kidney cells [7]. Recently study demon-
strated endogenous TXNIP shuttles between cell compartments
and speciﬁcally translocates from the nucleus into the mitochon-
dria in response to oxidative stress. In mitochondria, TXNIP binds
to TRX2, thereby releasing ASK1 from its inhibition and resulting
in ASK1 phosphorylation/activation and initiation of mitochon-
drion-mediated beta cell apoptosis [15]. Our recent study has dem-
onstrated that HG increased expression of TXNIP and ROS
production, and knockdown of TXNIP prevented HG-induced ROS
production signiﬁcantly in MMCs [8]. In this article, we showed
that HG promoted MMC apoptosis, along with the upregulation
of cleaved caspase-3 and Bax/Bcl-2 ratio. These ﬁndings are consis-
tent with previous studies [2,16]. In this study, we also found that
transfection with TXNIP siRNA plasmid or treatment with the
antioxidant, tempol, signiﬁcantly suppressed HG-induced apopto-
sis, expression of cleaved caspase-3 and Bax/Bcl-2 ratio in MMCs.
These results suggest that knockdown of TXNIP prevents HG-
induced meangial cell apoptosis may be by the reduction of ROS.
Previous study demonstrated that ROS activated ASK1 in part
by oxidizing TRX to release TRX from ASK1 [17]. TRX induces
ASK1 ubiquitination and degradation to inhibit ASK1-induced
apoptosis in endothelial cells [18]. In cultured endothelial cells,
decreasing TXNIP by RNA interference increased thioredoxin
binding to ASK1 and inhibited tumor necrosis factor stimulation
of JNK, p38, and VCAM1 expression [19]. In this study, we
showed that HG induced a time-dependent increase in the level
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1794 Y. Shi et al. / FEBS Letters 585 (2011) 1789–1795of phosphorylation of ASK1, and transfection with TXNIP siRNA
plasmid or treatment with the antioxidant, tempol, signiﬁcantly
suppressed HG-induced activation of ASK1 in MMCs. Taken to-
gether, our evidence suggests that activation of ASK1 pathway
by high glucose through inducing increase in intracellular ROS
level in MMCs by TXNIP-TRX system.
p38MAPkinases, amember of family of serine/threonine kinases,
is an important stress signalingmolecule and is involved in the reg-
ulation ofmany cellular functions. A number of in vitro studies have
shown that p38 signaling plays an important role in the induction of
tubular epithelial cell apoptosis [20,21]. Methylglyoxal, a potent
precrusor of advanced glycation end products, induced apoptosisin cultured ratmesangial cells through activation of p38MAPKpath-
way [22]. In addition, Jun et al. [23] showed that apoptosis in dia-
betic glomeruli and HG-stimulated mesangial cells were
ameliorated with the administration of FR 167653, a p38 MAPK
inhibitor. In this study,we showthat blockageof p38MAPKpathway
by SB203580 could reduce HG-induced mesangial cell apoptosis,
caspase-3 cleavage and Bax/Bcl-2 ratio. Our previous results have
demonstrated that transfection with TXNIP siRNA plasmid or treat-
ment with the antioxidant, tempol, signiﬁcantly suppressed HG-in-
duced activation of p38 MAPK [8]. These results suggest that
knockdown of TXNIP prevented HG-induced apoptosis in MMCs,
which may be via the p38 MAPK pathway.
Y. Shi et al. / FEBS Letters 585 (2011) 1789–1795 1795In summary, our data demonstrate that knockdown of TXNIP
could prevent HG-induced increase of apoptosis and activation of
ASK1 in MMCs. So, we can speculate that TXNIP could be a poten-
tial therapeutic target for diabetic nephropathy.Acknowledgement
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